Single crystals of (Bi 1/2 Na 1/2 )TiO 3 Ba(Mg 1/3 Nb 2/3 )O 3 [(1 ¹ x)BNTxBMN] with x = 4% were grown by the flux method (Po 2 = 0.02 MPa) and the high-Po 2 top-seeded solution growth method (Po 2 = 0.9 MPa) and their crystal structures and properties are investigated along the pseudocubic [001] direction. The crystal grown at a higher Po 2 of 0.9 MPa exhibits a well saturated polarization hysteresis, showing that the rhombohedral phase with x = 4% has a spontaneous polarization (P s ) of 48.5¯C/cm 2 (P s parallel to the pseudocubic [111] direction). The superior properties obtained for the crystal (Po 2 = 0.9 MPa) are discussed in terms of domain clamping and depolarization associated with oxygen vacancies.
Introduction
Lead-based ferroelectric oxides such as Pb(Zr,Ti)O 3 (PZT) and related materials have been widely used for piezoelectric devices such as sensors, actuators, and nonvolatile memories. The enhanced performance of these Pb-based ferroelectrics can be achieved for the compositions near morphotropic phase boundaries (MPBs) where several structural phases in different symmetries energetically compete with one another. 1) 6) The high-piezoelectric response is considered to originate from the polarization rotation under electric field (E), the mechanism of which is closely linked to a flattening of the free-energy profile. 7) 11) The phase diagram is composed of rhombohedral and tetragonal regions, between which a monoclinic phase exists to act as a bridging scaffold. The monoclinic phase provides distinct pathways in the free-energy profile, yielding the polarization rotation under weak fields.
There has been an extensive effort to develop Pb-free piezoelectric materials such as Ba-based, 12 )25) Bi-based 26)38) and Nb-based ferroelectrics. 39 )51) from an environmental viewpoint. Ferroelectric Bi-based perovskite oxides of (Bi 1/2 Na 1/2 )TiO 3 (BNT) and related compounds have been recognized as Pb-free piezoelectric materials exhibiting relatively superior piezoelectric properties.
12),26),27),52)64) Takenaka and coworkers have reported the attractive piezoelectric properties of the solid solution at the MPB composition between rhombohedral BNT (R3c symmetry) and tetragonal BaTiO 3 (BT, P4mm symmetry).
12),65)69) Ma and coworkers have shown the presence of a ferrielectric tetragonal phase in P4bm symmetry at around the MPB for BNTBT ceramics in the virgin state (without poling by an application of E).
70), 71) The ferrielectric P4bm phase has been reported to display distinct types of structural behaviors such as a polarization twist under week fields 72) and E-induced phase transitions either to the R3c 70) 74) has a phase boundary between the R3c and P4bm phases at around a BMN content (x) of 45%. 75) Moreover, BNTBMN ceramics near the MPB composition present substantial polarization and strain properties arising from the E-induced phase transition between the P4bm and R3c phases.
There have been several reports on the crystal growth of BNT-based single crystals: the Bridgeman method, 76),77) the flux method, 78),79) the O 2 -blowing flux method, 80) the zone-melting technique, 81) and the top-seeded solution growth (TSSG) method. 82 )84) Although large-sized BNT-based crystals were obtained, their polarization and piezoelectric properties were relatively inferior compared with those expected from ceramics. This is probably due to the high leakage current and domain clamping caused by defects generated during the crystal growth process. 80) To elucidate the detailed properties and crystal structures in response to external field applied along specific directions, single-crystals studies are advantageous. To the best of our knowledge, there has been no report on the crystal growth and the property measurements on BNTBMN single crystals, probably because of a difficulty in growing high-quality crystals.
In this study, single crystals of BNTBMN were grown by the flux method (Po 2 = 0.02 MPa) and the high-Po 2 TSSG method (Po 2 = 0.9 MPa) 85) and their polarization and strain properties are investigated through the impact of oxygen pressure (Po 2 ) during the crystal growth on the defect formation and the resultant domain switching behavior under E. We demonstrate here that the high-Po 2 crystal growth is effective for obtaining the BNT BMN crystals with superior polarization and strain properties.
Experimental
Single crystals of BNTBMN were grown by two different methods: flux method (Po 2 = 0.02 MPa) 78 (99.99%) were mixed with the stoichiometric composition by ball milling. The mixed powder was calcined at 900°C (BNT) or 1,200°C (BMN) for 4 h in air, which yielded single-phase BNT and BMN powders. The following mixture of the BNT and BMN powders were used to adjust the final crystal composition: 0.95BNT0.05BMN for the flux method and 0.93BNT0.07BMN for the high-Po 2 TSSG method.
The BNTBMN powder mixed with a Bi 2 O 3 NaF flux was placed in a platinum crucible. The mixture was soaked at 1,225°C for 2 h in air, slowly cooled to 1,025°C at a rate of ¹10°C/h, and then furnace cooled to room temperature. The flux was removed by washing in hot nitric acid, and the crystals were taken out from the flux. Figure 1(a) shows the photograph of an as-grown crystal of dimensions 3 © 3 © 1 mm 3 with yellowish transparency.
A large-sized crystal was grown by the high-Po 2 TSSG method (Po 2 = 0.9 MPa) using a resistance-heating furnace (Techno Search Corp.; Model TA-0358). The BNTBMN powder mixed with a Bi 2 O 3 NaF flux was placed in a platinum crucible. The mixture was soaked at 1,200°C for 4 h in the platinum crucible which was rotated at 5 rpm. For the crystal growth, a BNT seed crystal with the {001} cubic faces was used and set normal to the melt surface in the Pt crucible. The seed crystal, which was rotated at 10 rpm counter to the crucible rotation, was dipped into the solution at a temperature just above the crystallization temperature (1,085°C). The seed crystal was left for 3 h, pulled at a rate of 0.1 mm/h for 12 h followed by 0.2 mm/h for 9 h in a cooling of 1°C/h. At the end of the growth, the seed crystal with the obtained bulk were naturally detached from the solution and slowly cooled to room temperature. Figure 1(b) shows the photograph of an as-grown crystal. The TSSG growth procedure yielded a crystal with dimensions of 15 © 12 © 5 mm 3 . The crystal exhibits a dark color compared with the flux-grown crystals, which originates from inclusions of platinum particles from the crucible. These particles were found to cause no significant influence upon the electrical properties of the crystal. 86) The compositions of the crystals were analyzed by X-ray fluorescence (XRF), showing that the both crystals obtained by the two methods have a BMN composition (x) of 4%. Hereafter, the crystals are denoted by the Po 2 during the crystal growth, i.e., the flux method by 'Po 2 = 0.02 MPa' and the high-Po 2 TSSG method by 'Po 2 = 0.9 MPa'. Before electrical measurements, the crystals were annealed in air at 900°C for 50 h to reduce oxygen vacancies as well as to release the stress induced during the crystal growth. Using thermogravimetric analyses we have confirmed that this annealing treatment does not cause a significant Bi loss in the crystals. 87) For the measurements of polarization hysteresis and E-induced strain, the annealed crystals were cut into 0.150.25-mm-thick plates, and Pt electrodes were sputtered onto the cut surfaces. Polarization (P) hysteresis loops were measured at 25°C along the pseudocubic [001] direction using a ferroelectric test system (Toyo Model 6252 Rev. B). Here, we use the cubic notation to express Miller indices. Figure 2 exhibits the results of X-ray diffraction (XRD) analyses. The XRD pattern [ Fig. 2(a) ] taken from the surface of the asgrown crystal (Po 2 = 0.9 MPa) displays that the peaks associated only with 001 and 002 appear. These results indicate that the crystal (Po 2 = 0.9 MPa) was grown epitaxially from the {001} seed. According to the phase diagram proposed by Kitanaka and coworkers, 75) the BNTBMN system has a phase diagram composed of the rhombohedral R3c phase in the BNT rich region and the tetragonal P4bm phase in the BMN rich region and a phase boundary exists near x = 45%. X-ray reciprocal space mapping [ Fig. 2(b) ] reveals that the both crystals exhibit superlattice reflections of o/2 o/2 o/2 derived from the rhombohedral R3c structure, where o denotes odd number. These XRD results clearly show that the x = 4% crystals have the R3c phase. Figure 3 shows the PE hysteresis loops measured at 25°C along the [001] direction. The crystal (Po 2 = 0.02 MPa) exhibited a remanent polarization (P r ) of 9.2¯C/cm 2 and a coercive field (E c ) of 20.2 kV/cm. We note that the crystal (Po 2 = 0.9 MPa) presented a well-opened hysteresis loop with a large P r of 23.5 C/cm 2 and an E c of 32.8 kV/cm. These results demonstrate that the crystal growth at a higher Po 2 is effective for enhancing the polarization switching, as also reported for other Bi-based ferroelectric single crystals. 85 ),87),88) Given that the polarization switching is completely accomplished for the crystal (Po 2 = 0.9 MPa), one can estimate an [001] component of spontaneous polarization (P s ) of 28.0¯C/cm 2 (the polarization at zero field obtain by extrapolating the PE data in the high E range of 10 kV/cm). We can therefore obtain the P s of 48.5¯C/cm 2 in the R3c phase where the P s vector is parallel to the [111] direction. Figure 4 (a) presents the E-induced strain (S) under unipolar fields of the crystal (Po 2 = 0.9 MPa) measured at 25°C. Before the measurements, a unipolar E of 80 kV/cm was applied for poling treatments. The crystal (Po 2 = 0.9 MPa) displayed a linear strain (S) with respect to E with a negligible hysteresis. This unipolar SE property demonstrates that the S originates from the converse piezoelectric effect and that the rotation of non-180°d omains makes a minor contribution. The maximum S over the maximum E (S max /E max ) is estimated to be 176 pm/V. Figure 4 (b) exhibits the bipolar SE property of the crystal (Po 2 = 0.9 MPa) at 25°C. A well-established butterfly strain loop was clearly observed, indicating that the domain switching is achieved near its E c . The S max /E max value obtained from this butterfly strain loop was 179 pm/V, which is in good agreement with the unipolar value (176 pm/V). Here, we consider the impact of the Po 2 during the crystal growth on the polarization and strain properties. The crystal (Po 2 = 0.02 MPa) exhibits a minor hysteresis loop with a smaller P r while the crystal (Po 2 = 0.02 MPa) displays a larger P r . We think that the following two factors suppress P r : domain clamping 85),89),90) and depolarization. 91) 96) The domain clamping is the phenomenon where some ferroelectric (ferroelastic) domains are frozen (the P s direction of these domains is not aligned by applying E) even if an E much higher than E c is applied to the sample. The P value at a high E is smaller than that in the single domain (or fully-poled) state due to the domain clamping, and thus, the P r is lowered. The domain clamping has been reported to originate from a strong attractive interaction between non180°domain walls and oxygen vacancies (Vo ) for ferroelectric Bi 4 Ti 3 O 12 crystals. 85) The depolarization is a collapse of a poled state established by applying a high E. Provided that the poled (or single-domain) state is reached under E followed by decreasing E, the direction of P s in some parts of the sample rotates or is reversed from the direction of P s in the poled state and then P r is suppressed. The depolarization has been reported to result from a stabilization of domains by defect dipoles. After aging for a certain period of time, Vo migrates to acceptors 97) (or cation vacancies) caused by a strong attractive interaction between the positively charged Vo and the negatively charged cation vacancies. The defect dipole composed of Vo and cation vacancies is formed and aligned in a stable configuration with respect to P s . Eventually, the multi-domain state is stabilized at zero field by the interaction between the defect dipoles and P s . Even if the poled (or singledomain) state is realized by applying a high E, the sample goes back to the multi-domain state stabilized by the defect dipoles once the field is turned off, leading to a small P r .
Result and discussion
For the polarization hysteresis loop of the crystal (Po 2 = 0.02 MPa) shown in Fig. 3(a) , the P value at E max was smaller than that of the crystal (Po 2 = 0.9 MPa), which is indeed caused by the domain clamping. Moreover, the decrease in P with decreasing E is significant for the crystal (Po 2 = 0.02 MPa) because of the depolarization. We conclude that the crystal growth at a high Po 2 is effective in enhancing the polarization properties in the BNTBMN system by overcoming the problems of the domain clamping and the depolarization.
Here, we discuss the influence of Po 2 during the crystal growth on the formation of point defects. For Bi-based ferroelectric oxides at high temperatures, Bi is apt to evaporate from the sample surface due to a high Bi vapor pressure, and resultant Bi vacancies (V Bi 000 ) are formed. The creation of V Bi 000 is accompanied by the formation of oxygen vacancies (Vo ) for charge compensation. 80 ),85),87),98), 99) The vacancy formation at high temperatures is expressed by , where the brackets denote concentration. The domain clamping and depolarization deteriorate the polarization switching properties, i.e., lead to a small P r because of its higher [Vo ] . The defect formation reaction at high temperatures and the results shown in Fig. 3 enable us to conclude that the enhanced polarization and strain properties obtained for the crystal (Po 2 = 0.9 MPa) are derived directly from its lower [Vo ] . We think that the effect of high Po 2 is more significant for the TSSG method than the flux method. During the crystal growth, crystals in the flux growth process are almost immersed in the melt. In contrast, a crystal growing up in the TSSG process is exposed to gases, except for the bottom surface that is in contact with the melt. Because the defect formation reaction expressed by Eq. (1) is a surface reaction between crystal surface and gas phase, the crystal grown in the TSSG process is substantially influenced by Po 2 in its atmosphere. Indeed, the crystal grown by the TSSG method at Po 2 = 0.9 MPa features the superior polarization properties, as shown in Fig. 3 . We conclude that the high-Po 2 TSSG method is effective for obtaining large-sized, high-quality BNTBMN single crystals without sacrificing polarization and strain properties.
Summary
We have grown the single crystals of (1 ¹ x)BNTxBMN (x = 4%) by the flux method (Po 2 = 0.02 MPa) and the high-Po 2 TSSG method (Po 2 = 0.9 MPa) and investigated their crystal structures, polarization and strain properties. X-ray reciprocal space mapping reveals that the x = 4% crystal has a rhombohedral R3c structure. The crystal (Po 2 = 0.9 MPa) exhibits a wellsaturated polarization hysteresis, showing that the rhombohedral phase (x = 4%) has a P s of 48.5¯C/cm 2 along the pseudocubic [111] direction. The enhanced properties obtained for the crystal (Po 2 = 0.9 MPa) are due to a less [Vo ] achieved by suppressing the defect formation reaction at high temperatures. We demonstrate that the high-Po 2 crystal growth is effective for obtaining the BNTBMN crystals with superior polarization and strain properties.
